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Stellite alloys are of great interest in industries due to a unique combination of 
high temperature mechanical strength, outstanding wear and corrosion resistance. 
Different thermal spraying processes are used for deposition of stellite alloys on 
industrial components. However, the investigations on the structure–property 
relationship of these alloys produced via different deposition process are limited. 
This study focuses on the microstructure, oxidation, and tribo-mechanical 
properties of Stellite 21 deposited by cold gas spraying (CGS) and high velocity 
oxy-fuel (HVOF) process on a low carbon steel substrate. The coating cross-
section was characterized by SEM and optical microscopy. The coatings were 
further characterised by using nanoindentation, adhesion, and ball-on-disk wear 
tests. Moreover, XRD tests were run on the powder and the coatings to reveal 
possible phase transformation during spraying, as well as during wear and 
oxidation tests. The results showed no phase transformation in the as-sprayed 
CGS coating, besides higher values of porosity and oxide phase in the HVOF 
coating. However, an fcc-to-hcp phase transformation occurs at the surface layer 
of both types of coating during the ball-on-disk wear test. The presence of 
continuous oxide networks in HVOF coatings leads to delamination during the 
wear test. Overall, the CGS Stellite 21 coatings exhibit better performance than 
HVOF coatings in wear and oxidation tests. 
3 
 
Keywords: Stellite 21, Cold gas spraying, HVOF, Phase transformation, 
Wear test, Oxidation test. 
 
1. Introduction 
Tribological properties of cobalt-base alloys particularly at high temperatures 
make them a suitable option for aerospace, automotive and power industries [1-
3]. The excellent tribological properties of cobalt-base alloys, such as Stellite®, 
including remarkable galling resistance, allow them to withstand higher contact 
pressures than other metal alloys [1]. The main reason for their superior galling 
resistance comes from the martensitic phase transformation () [4-6], 
attributed to the low stacking fault energy (SFE) of cobalt-base alloys. Also the 
presence of residual  phase hinders the dislocation movement which increases 
the capability of work hardening and the galling wear resistance [5]. However, 
by increasing the amount of the alloying elements with higher stacking fault 
energy such as Fe, the galling resistance of this alloy is diminished considerably 
[7-9].  
Stellite alloys are deposited by different liquid state deposition techniques like 
welding [10-12], thermal spraying [8, 9, 13], supersonic laser deposition [14], and 
solid-state processes including friction surfacing [15] and explosive welding [16]. 
Different process leads to different tribomechanical and structure-property [6, 
17]. The chemical composition of the coating is changed due to the substrate 
dilution during the welding of stellite alloys. So, the phase transformation 
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capability and galling resistance of the deposited layer are less than those of the 
original alloy [9]. Moreover, multi-layer deposition or low heat input techniques 
(e.g. cold metal transfer welding process) are suggested for diminishing the 
dilution of the coating [10, 18]. The multi-layer technique increases the cost and 
the time of deposition. In cold metal transfer welding process, tensile residual 
stress is developed in the coatings, and underbead cracks are observed on the 
stellite alloy deposited on heat treated steel substrates [10]. It means that 
hardfacing of heat treated steel by liquid state process is impossible even with 
low heat input [7, 10]. The limitation of explosive welding from the viewpoint of 
safety regulations [19, 20] and also friction surfacing applicability only for simple 
flat geometries [15, 21] compel the researchers to use new methods. Therefore, 
thermal spray methods are suggested and used by different authors [22-26]. 
The thermally sprayed coatings are more beneficial from the stress point of view 
rather than welded overlay coating [27]. They are commonly used in different 
industries to deposit a coating with superior properties in various applications, 
e.g. in pump parts, valves, impellers, shafts and journal bearings [28, 29]. The 
coating application should be considered when the spraying technique is selected. 
Cold Gas Spray (CGS) and High Velocity Oxy-Fuel (HVOF) are two important 
thermal spraying methods, which can provide an attractive combination of 
properties in industrial components. However, the lamellar structure of HVOF 
coating, the presence of oxides decreases the deposited layer properties rather 
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than those of the corresponding bulk material [30, 31]. In such cases, subsequent 
treatments were applied in order to modify the microstructure of sprayed layer 
[31, 32]. 
On the other side, the low temperature of CGS leads to oxide-free coatings with 
excellent mechanical and corrosion properties in comparison with the HVOF 
method in which thermal effect is dominant [33]. In CGS, the powder particles 
are injected into the high pressure gas stream and accelerated toward a substrate. 
The particles’ impact velocities of up to 1200m.s-1 depending on the process 
parameters can be achived [34, 35]. The bonding between the particle and the 
substrate establishes by adiabatic shear instability, which is the predominant 
bonding mechanism [36]. Due to the lower temperature of the gas in CGS than 
the conventional thermal spray methods, the particles preserve their composition, 
and no oxidation occurs during the deposition [37]. The low porosity coating 
along with the highly deformed particles arising from cold spraying process 
improve the coating properties significantly. The wear and microstructural 
evolution of CGS sprayed stellite alloys were reported by different authors. Cinca 
et al. [22, 38] showed that a dense Stellite-6 coating with good wear resistance is 
achievable by CGS. In addition, cold spraying of the Stellite-based coating with 
promising properties in terms of microstructure compactness and coating 
hardness on a steel substrate is reported [39]. 
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The mechanical properties and tribological performance of HVOF sprayed stellite 
alloys have been investigated by different authors [31, 40-44]. The wear 
mechanism of HVOF sprayed stellite alloys were investigated in detail by some 
authors [28, 45, 46]. Three main mechanism including of HVOF coating were 
proposed by them including: abrasive wear due to the significant soft mating 
material than the other, adhesive wear comes from the formation of microweld 
between the mating surface and brittle delamination resulting from the continues 
oxide layers between the splats. In spite of in-depth knowledge about the wear 
and oxidation of HVOF-sprayed stellite alloys [47, 48], there are limited 
investigations that compare the microstructure, tribomechanical and oxidation 
behavior of this alloy produced by two different manufacturing processes of CGS 
and HVOF. The current study focuses on the effect of deposition process on the 
Stellite 21 coating properties. For this purpose, Stellite 21 powder is deposited by 
both CGS and HVOF on low carbon steel substrates. The microstructure, 
mechanical, tribological and oxidation behaviors of the coatings are evaluated 
and compared. 
2. Experimental procedures 
In this study, a spherical morphology powder (Stelloric 1388 F0, ORIC 
Company, France) with the chemical composition of Stellite 21 was used. The 
chemical composition of the feedstock (in wt.%) was 28 Cr, 5.5 Mo, 2.5 Ni, 0.3 
C, 1 Si, Fe˂2, W˂0.5, and balance Cobalt. AISI 1020 low carbon steel plate of 
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20×50×4 mm3 was used as substrate. The substrate was sandblasted by alumina 
grit 24 and then cleaned by acetone. The deposition was performed using 
KINETICS® 4000 (Cold Gas Technology, Ampfing, Germany) with nitrogen as 
process gas. In the CGS method, the maximum operating pressure (40bar) and 
temperature (800°C) of the process gas were used. One-layer spraying performed 
at 10mm stand-off distance and 100mm.s-1 nozzle traverse speed. The nozzle was 
moved 1.5mm in each pass to achieve a uniform coating. These parameters were 
selected according to our previous work to achieve a coating with the best 
adhesion and lowest porosity [49]. For HVOF, sulzer HVOF equipment Diamond 
Jet Hybrid (Winterthur, Switzerland) with DJH 2600 head that operates with 
hydrogen plus oxygen plus air mixture was used. The compressed air was used 
to cool down the substrate during and after the process. The HVOF process 
parameters as denoted in Table 1 were selected according to a previous work [50]. 
The roughness of the as-sprayed coatings were evaluated by rugosimeter SJ-210 
(Mitutoyo) equipment. 
The as-sprayed samples were cut and mounted in the resin. The mounted samples 
were prepared in accordance with the ASTM E3-95 and subsequently grinded on 
emery paper (120, 240, 600, 1200 grit) and polished by 6 and 1m 
monocrystalline diamond suspensions, respectively. Nital 5% and HCl+H2O2 
were used as etchant solutions for the substrate and the coating, respectively. The 
polished cross-sections were investigated by optical and scanning electron 
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microscopes to find the effect of spraying method on the coatings microstructure, 
the amount of porosity and coating integrity. The thickness of the coatings was 
measured on 200× magnified OM micrographs using image analysis software. 
The images were obtained along the coating cross-section and the average of 5 
measurements was reported. Also the average value of the coatings porosity on 
1000× magnification at 20 different areas was reported. 
Vickers microhardness profile measurement was carried out on the cross-section 
of the coating. This measurement was repeated in three lines and the average 
value of them is reported. The distance of 100µm was selected between the 
indentations to avoid a mutual influence of indented points to the results. The 
load of 100grf was applied for 15s. Micromechanical properties of single splats 
consisting of CGS and HVOF coating cross-sections were investigated by 
nanoindentation equipment (Nano Indenter XP) with Berkovich triangular 
pyramid indenter. The indentations were applied in the middle of splat in the CGS 
and HVOF sprayed samples. The maximum load of 5grf was applied for 10s in 
each indentation. Indenter calibration, measurement procedures and analysis of 
the load-penetration data were performed following standard ISO 14577. The 
Young modulus and the hardness of the samples were determined using the 
Oliver–Pharr method. The average of 10 measurements of the hardness (H) and 
elastic modulus (E) was reported in nanoindentation tests. The distance of 40µm 
was selected between the indentations. 
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Carbon steel cylinders (55 mm thick and 25 mm in diameter) were deposited for 
measuring the coatings adhesion-strength according to the ASTM C633−13. The 
coated cylinders were bonded to the same cylinder by a high strength glue. HTK 
ULTRA BOND® 100 glue was used for adhesion test sample preparation. The 
bonded cylinders were placed under increasing tensile load using a constant rate 
of 0.01 mm.s-1 until fracture. The fracture load was divided by the cross-section 
area of the specimens to calculate their adhesion strength. Fracture surfaces were 
examined by SEM to distinguish the failure mode including internal failure 
(cohesive failure), interface failure (adhesive failure) and/or glue failure. 
The sliding ball-on-disk (BoD) wear tests were performed in accordance with the 
ASTM G99-05 standard at room temperature (≈25°C and <20% relative 
humidity). The surface of the as-sprayed sample was prepared to 0.8m surface 
roughness before the test. 10 mm diameter WC balls were employed as 
counterparts. A constant normal load of 15N was applied to the WC counterpart 
which was pressed against the prepared surface of the coating for 1000m sliding 
distance. The wear track and debris were investigated by SEM. Also, the friction 
coefficient of the samples was calculated and reported. Confocal laser 
microscopy (Leica TSE-SE) was used to compute the lost volume and recreate 
the coatings wear track.  
Isothermal oxidation behavior was investigated by exposing the coatings at 900˚C 
for 144h in air atmosphere. The surface of the samples was grinded with 1200 
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grit SiC paper, and the edge of the samples was covered with high-temperature 
cement to avoid the substrate–coating interface oxidation. The samples were 
furnace cooled to room temperature. The morphology of the oxidized surface was 
investigated by SEM. 
Phase identification was performed by X-ray diffraction analysis with Cu‐Kα 
radiation (X-ray tube operated at 40kV and 40mA). The angular range over a 
20°≤2θ≤100° were used to achieve the patterns. The measurements were 
conducted with 0.017° and 50 s/step step size and dwell time. 
3. Results and Discussion 
3.1. Powder characterization 
The spherical morphology of feedstock produced by gas atomization process is 
represented in Fig. 1a. There are few satellites, which are typical of the gas 
atomizing process [6, 51]. The optical micrograph of single particles’ cross-
section is shown in Fig. 1b. The feedstock particles show a Gaussian distribution; 
where, dmean = 35 μm, d10 = 10 μm, and d90 = 53 μm., measured by laser diffraction 
particle size analyzer (Fig. 1c). The particle size distribution influences the 
corresponding properties of thermal sprayed coatings and should be optimized 
for each process [52-54]. The normal range of particle sizes required for different 
thermal spray processes is related to the process characteristics and varied from 
5 µm to about 120 µm [55]. The outcome of this argument is that it is better to 
use special particle size distributions of powder for each process, but this is more 
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expensive. So in this study, the same powder particles size distribution was used 
for both CGS and HVOF. 
3.2. Coatings’ Surface morphology 
Fig. 2 shows the as-sprayed surface morphology of CGS and HVOF coatings, 
which was taken by SEM. The spherical morphology of the bonded particle and 
metallic jets around it in CGS is represented by white arrow in Fig. 2c. The HVOF 
sprayed coating is composed of flattened splats, originating from high velocity 
impact of molten droplets. So, the initial morphology of the particles is not 
preserved in HVOF sample, and its surface roughness is lower than in CGS 
sample (Table 2). 
3.3. Coatings' microstructure 
The deposits’ cross-section is represented in Fig. 3. The thicknesses of CGS and 
HVOF coatings are about 225m and 250m, respectively. The mechanical 
interlocking of CGS coating to the substrate is visible in Fig. 3c. As shown in 
Figs. 4a and c, CGS coating has the same microstructure as the feedstock, and 
exhibits the dendritic structure. However, flattened appearance of the dendrites in 
the coating comparing to primary dendrites of the feedstock indicates 
considerable deformation of the powder particles during CGS (Figs. 4c and 1b). 
Due to the very fine microstructure of HVOF sprayed coating caused by higher 
cooling rate, the microstructure of this coating is not revealed by the same etching 
procedure (Figs. 4b and d). The EDS analysis of the coatings’ cross-section 
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showed the concentration of oxygen in HVOF sample (Table 2). The higher value 
of oxygen in HVOF than in CGS indicates the formation of oxides during HVOF 
process [27, 28]. The overall content of porosity in the coatings is calculated by 
image analysis and reported in Table 2. The CGS coating exhibits a low level of 
porosity. Despite the high-temperature strength and high critical velocity of Co-
base alloys [22], the lower amount of porosity of CGS coating is attributed to the 
particles’ higher impact velocity and the hammering effect of subsequent 
particles on the surface of the coating. In HVOF, a dense coatings composed of 
well-flattened splats containing up to 6.1% oxide phase are produced. High-
magnification micrograph (Fig. 4d) reveals some cracks and interlamellar 
porosity. Despite the higher temperature of the particles upon impact, the large 
pores are created between the flattened droplets by the gas porosity phenomenon 
and also the shrinkage porosity produces small pores within the flattened particles 
[55-57]. The porosity creates poor coating cohesion and allows for higher wear 
and corrosion rates [55]. In CGS, spraying below the melting point of the particles 
prevents solidification shrinkage and gas porosity in the coating [58], leading to 
the lower porosity of the coating at optimized process parameters. 
In Figs. 4b and d, the dark gray, elongated phase that appear as strings in the 
coating cross section, parallel to the substrate represents the oxide layer between 
the splats, which are produced by particle/atmosphere interaction and/or heating 
of the coating surface during deposition [28, 51, 55]. Porosity is another important 
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coating feature which is seen as black phase in Fig. 4b. HVOF coating possesses 
well flattened and bonded lamellae. Sufficient plastic deformation experienced 
by the molten particles upon impact leads to a dense layer. However, some 
microcracks and a small amount of porosity are observed in it. The arrows 
represent interparticle defects and oxide layers between the splats in Fig. 4d. The 
lack of unmelt round particles and severe deformation of splats confirm that the 
particles have been heated above the melting temperature during HVOF. There is 
no sign of oxide phase in CGS coating while a continuous network of oxide phase 
is visible in HVOF coating [51]. In CGS, high-velocity particles impacted to the 
substrate or already deposited particles, are deformed plastically, and can induce 
compressive stress in the coating. Singh et al. [30] reported that compressive 
residual stress in cold spraying coating is affected by process parameter. So, a 
dense layer without any oxidation is attainable by CGS process parameter 
optimization [30, 59]. In addition, Houdková et al. [27] reported the compressive 
residual stress in the HVOF sprayed stellite alloys. In the HVOF coating, the 
compressive residual stress is developed due to the significant peening effect of 
the high velocity molten or partially molten particles [8, 59]. 
3.4. XRD characterization 
The XRD results of the initial powder and the resultant coatings are shown in 
Figure 4. The initial powder consists of Co-Cr-Mo fcc solid solution and very 
low-intensity peak distinguishable as Fe-Cr bcc phase, which was developed due 
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to the extreme cooling rate of the powder processing method [6, 28, 60]. Five 
strong peaks of the fcc phase in the feedstock are associated to the (1 1 1), (2 0 
0), (2 2 0), (311) and (222) atomic planes. High cooling rate of gas atomization 
process and a small amount of C in the powder composition lead to the formation 
of ultrafine Fe-Cr solid solution microstructures as an outer shell in some particles 
[60], and hindering of carbide precipitates [28], which is not detectable in the 
XRD spectra and the SEM micrograph. All diffraction peaks in CGS sample are, 
however, significantly broadened comparing to those of the feedstock powder 
and HVOF samples [61, 62]. This broadening in CGS could be attributed to grain 
refinement and/or induced micro-stresses caused by the deposition process [63]. 
Also due to very low intensity of Fe-Cr, this phase is not visible, which is related 
to the broadening of Co fcc phase peak. In the cold spray process, high-
temperature phase transformations are avoided due to short time exposure of the 
feedstock to hot gas stream and also the drop in gas temperature in the nozzle 
throat section [37]. There is no evidence of oxide or undesirable phases in CGS, 
while the particle oxidation during HVOF process leads to Co-Cr-O peak. Two 
main phases existing in HVOF coating consist of (i) Co-Cr-Mo fcc solid solution 
and (ii) interlamellar Co-Cr-O phase, coming from melted powder oxidation 
during the deposition process [28]. Interlamellar oxidation occurs immediately 





The microhardness profiles of the coatings are shown in Fig. 6. The 
microhardness of CGS coating is higher than the HVOF coating. There are 
similarities in the microstructural evolutions of the material in mechanical milling 
and CGS [31]. It has been shown that severe plastic deformation of cold sprayed 
stellite particles leads to a large number of twins in the coating [38], which, in 
turn, increases the microhardness of the coating comparing to that of the 
feedstock. A higher value of defects in HVOF sprayed layer, and powder melting 
during the process decreases the microhardness of the coatings. 
3.5. Nano-indentation 
Due to utilizing higher amounts of load in microhardness test, the calculated value 
is affected by the coatings’ characteristics. The higher load of microhardness 
leads to higher indentation mark, representing the average response of the 
material. Lower load utilized in nanoindentation test leads to a smaller 
indentation mark. So the results are less influenced by the interlamellar sliding, 
porosity and oxide layer and higher value of hardness [64]. Also, in order to avoid 
the effect of resin on the results of the test, the indentation is performed in the 
middle of the single particle. There are large scatters in the results of 
nanoindentation, which are typical in thermal spray coating due to the anisotropic 
coating properties [55]. Since understanding the significance of thermal spray 
results is difficult, the student t-test is carried out for interpreting the results. The 
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loading-unloading curves of the probed materials are presented in Fig. 7. In the 
case of feedstock, greater plasticity is observed during indentation test, which 
means that higher energy is stored in the material after the indentation due to its 
lower hardness value [65]. The average values of Young's modulus and the 
hardness values of the coatings are presented in Table 3. It was shown that there 
is a correlation between grain size and hardness in CGS coatings [37, 66]. The 
elastic moduli of thermal spray deposits are in the range of 12%–78% of dense 
bulk materials, depending on the materials, spray processes, and post-treatments 
[67]. During CGS, the large plastic deformation at lower temperature than HVOF 
results in higher values of hardness and elastic modulus [65]. In HVOF, the 
melted particles are more deformed and then solidified, so lower hardness of the 
coating is predictable. 
3.6. Adhesion strength  
The average bond strength of CGS and HVOF samples was obtained as 64±2 and 
50.4 ±5MPa, respectively. Failure occurred at the interface of the coatings and 
substrates. The fracture surface of the samples is shown in Fig. 8. Besides the 
similar fracture mode, the better bonding of CGS sample causes more bonded 
particles to the substrate. The bonded particles are obvious in Figs. 8a and c. Inter-
particle fracture traces can be observed on the surface. Some voids are visible on 
the surface of CGS sample as denoted by the circle in Fig. 8a. The presence of 
these voids and craters suggest that both metallurgical bonding and mechanical 
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interlocking between the particles and substrate have been occurred. The white 
arrows in the inset image of Fig. 8a represent the voids comes from the limited 
metallurgical bonding site. Metallurgical bonding leads to the higher value of 
bonding strength in CGS sample rather than in HVOF coating. In spite of the 
compacted microstructure of CGS sample, the poorly bonded particles acted as 
stress concentration regions in the coating. When the tensile load is applied, these 
regions provide a fast crack propagation path-way in the coating, and the tensile 
strength of the deposite decreases. 
3.7. Wear behavior 
Variation of frictional force was recorded continuously throughout the Ball on 
Disk (BoD) wear test. By dividing the frictional force by normal load, the 
coefficient of friction (CoF) was computed and plotted against the distance as 
represented in Fig. 9. In HVOF coating, the drastic rise of CoF in the first 100m 
is observable. Whereas the CoF in CGS sample increases continuously during the 
test. The CoF is stabilized and reached a stable state for both samples after 200m. 
The confocal images of the worn surface are represented in Figs. 10a and b. In 
the sliding wear tests against the WC–Co ball, the CGS sample showed better 
wear resistance than the HVOF coating. The calculated volume losses of the CGS 
and HVOF coatings were 0.02218 and 0.03965mm3, respectively. For a better 
understanding, the surface morphology of the wear track was investigated by 
SEM. According to the SEM micrographs (Figs. 10c and d), the wear mechanisms 
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of HVOF and CGS samples are different. The differences in the coatings 
microstructure of both methods can have a significant influence on their 
tribomechanical properties. The main wear mechanism of HVOF coating are 
considered to be the adhesive wear comes from the formation of microweld 
between the mating surface [46, 48] and brittle delamination resulting from the 
three-dimensional oxide net on the inter-splat boundaries [8, 28, 46]. The surface 
morphology of worn surface of CGS sample is represented in Fig. 10c. No sign 
of abrasive wear and/or cracks and brittle cracking is seen even at the high 
magnifications in CGS coating (Fig. 10c). The two-phases are distinguishable on 
the worn surface of the CGS sample. The white gray part represents stellite, and 
the dark gray one shows Fe-Cr solid solution as represented in EDS spectrum 
(Fig. 10e). On the other hand, longitudinal and traverse cracks are visible at the 
dark zone of HVOF sample (indicated by white arrows in Fig. 10d). The white 
regions are Co solid solution phase in Fig. 10d. The EDS spectra of both phases 
are shown in Fig. 10f. The wear mechanism in these two regions are different. 
The dark zone comes from the detachment of splats along the oxide layers. The 
wavy nature of this area is related to the high tangential force applied to the 
surface during the BoD test. The oxide layers absorb more humidity from the 
atmosphere; this increases the interaction between the oxide layer and the 
counterpart [28]. These events result in the formation of longitudinal cracks. Also 
there are some visible cracks inside the white regions, attributable to the crack 
propagation path. The presence of oxide layer in the HVOF sprayed coating leads 
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to a dynamic condition involving the continuous formation and breaking of tribo-
layer during the sliding. Since the tribo-layer formation needs a high stress level; 
this phenomenon increases the value of CoF for HVOF coating rather than for 
CGS coating. 
SEM micrographs of the edge of wear track and wear debris are shown in Fig. 
11. In CGS sample, the wear debris comes from tribo-layer delamination due to 
crack initiation and propagation in the wear track edge (Fig. 11a). Small portion 
of HVOF coating delaminated locally by the interlamellar brittle detachment, 
which leaves small pits on the surface of the coating [51]. The pits morphology 
suggests that delamination usually involves cracking and pullout of splats. The 
propagation of cracks starts from the coating’s defects such as porosity and oxide 
inclusions. The lamellar boundaries between the splats are the weakest region of 
the coatings and crack initiation and propagation are most likely to occur in it [28, 
51]. The higher CoF of the HVOF coating corresponds to the splat delamination 
during the wear test [8]. In HVOF sample, large particles in the wear debris are 
visible due to the splats delamination as indicated in Fig. 11b. The EDS results 
showed the amount of oxide content in the wear debris of CGS coating and HVOF 
sample as 8.4 and 19.4wt.%, respectively. These values are higher than the initial 




Due to the alloying elements in the Co-based alloy, stellites retain their fcc phase 
even at room temperature. However, sufficiently high stress causes the 
transformation of fcc phase to hcp phase which ends with the formation of a 
surface tribo-layer consisting of aligned hcp crystals in  phase matrix. The 
formation of aligned hcp layer at the surface is essential for the tribological 
behavior of stellite alloys [4]. The hcp crystals promote work hardening of tribo-
layer [4]. The hcp crystals promote work hardening of tribo-layer [68] and have 
a lower friction coefficient and higher wear resistance [8, 33, 38]. In this regard, 
by accumulation of enough damage, the tribo-layer delaminates and the wear 
proceeds [1, 69]. Therefore, the tribo-layers’ resistance to delamination is 
essential factor for the superior resistance of stellite alloys to galling wear [1, 50, 
68]. 
The XRD patterns of wear tracks of the samples are represented in Fig. 12. The 
XRD peaks revealed the presence of the HCP phase in both samples. The 
martensitic transformation was reported by some authors for CGS stellite alloy 
coatings [4, 38, 70]. As shown, there are two main differences between the XRD 
peaks before and after the wear test. Varano et al. [71] reported that the local 
phenomenon of nucleation and growth of the hcp phase around the stacking faults 
causes the fcc phase peak to broaden. This tiny hcp phase is dispersed throughout 
the fcc matrix. The hcp peak intensity for CGS sample is higher than that for 
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HVOF sample. As mentioned in the previous section, the tribo layer delamination 
in HVOF deposit proceeds the coatings’ wear. 
During the strain induced transformation, tiny hcp phase distributes in the fcc 
matrix, which leads to higher hardness comparing to the initial fcc phase. 
According to the XRD spectra phase transformation has occurred in both 
samples. Although the ratio of hcp to fcc phase peak intensity in CGS sample is 
higher than in HVOF sample, the presence of a higher value of hcp phase in CGS 
sample decreases the value of CoF [8]. The scanning electron micrographs of WC 
counterparts are shown in Fig. 13. Overall, there is no sign of wear of the WC-
Co ball in both samples. In CGS, the uniform tribo-layer with small cracks are 
visible on the surface of WC ball (Figs. 13a and c). It seems that, by propagation 
of the cracks in the bonded layer of Stellite 21, a small portion of tribo-layer is 
removed. The tension stress in this layer, developed during the wear test, is the 
main reason for crack initiation and propagation. However, in HVOF sample, the 
counterpart has an irregular surface morphology. As shown in Figs. 13b and d, 
the surface of the ball is not uniform, and detached areas are visible in this image. 
The EDS result from the bonded zone is represented in Fig. 13f. Unlike the EDS 
spectrum of a bonded area of CGS counterpart (Fig. 13e), the oxide content for 
the counterpart of HVOF sample is much higher. The existance of a continuous 
network of oxide phase is the main weak point of HVOF coating as it causes 
quick crack propagation in this area [40]. By crack propagation, the wear debris 
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separates quickly, and a new layer form as a tribo-layer on the surface of the ball. 
These phenomena cause hcp layer removal and formation of a new hcp layer 
needs higher force, and consequently higher value of coefficient of friction 
comparing to CGS sample [8]. Additionally, the lower and more stable CoF of 
cold sprayed coating can come from the more uniform tribo-layer and less 
delamination [40]. This result confirms the excellent performance of cold sprayed 
Stellite 21 sample rather than HVOF sprayed sample. 
3.8. Oxidation behavior 
The SEM images of the surface of isothermal oxidation samples are shown in Fig. 
14. The oxidation resistance of cold sprayed sample can be explained by the 
characterization of oxide morphology. The morphology of the oxide layer of CGS 
sample is prismatic. A compact oxide layer with a small amount of porosity has 
formed on the surface of this sample, while the oxide layer of the oxidized HVOF 
sample has irregular morphology with higher value of porosity. In HVOF 
coatings, the higher the value of porosity and the existence of a continuous 
network of oxide phase between the layers of the coating provide direct contact 
of oxygen gas with the alloy, so a higher value of oxidation occurrs. Chromium 
oxide has an irregular and porous morphology [41] while the spinel phase protects 
the surface by decreasing the formation of none protective oxide. The oxidation 
process was hindered by development of the spinel phase which decreases the 
oxygen partial pressure [72]. The compact structure and a small amount of 
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porosity in CGS sample reduce the oxygen movement towards the subsurface 
layers. Furthermore, higher oxidation resistance is expected for CGS sample due 
to the lower oxygen diffusion through the compact structure of the spinel 
CoCr2O4 oxide layer. This phenomenon reduces the partial oxygen pressure at the 
surface of the sample. In HVOF coating, the oxide scale layer has poor adhesion 
to the surface, which leads to localized exfoliation [73]. Additionally, Kofstad 
and Hed [74] indicated that scales on the oxidized sample are spalled off during 
cooling to room temperature. This phenomenon causes scale removing from the 
surface of HVOF sample. There are some bonded thick pieces of oxide layer on 
the surface of HVOF sample, which are shown by white rectangles in Fig. 14b.  
The XRD spectra of the oxide layers are represented in Fig. 15. In CGS, the 
oxidized layer is dominantly composed of chromite or chromium oxide (Cr2O3) 
and cobalt chromite CoCr2O4 with spinel structure. The intensity of CoCr2O4 to 
Cr2O3 ratio in CGS is higher than in the HVOF sprayed sample. It has been shown 
that a higher amount of CoCr2O4 spinel phase leads to the higher protective effect 
of the oxide layer comparing to the Cr2O3 phase [41]. Oxide phase spallation (Fig. 
14f) causes a thinner oxide layer on the surface of HVOF coating. It seems that 
the presence of substrate peak on the XRD spectrum of this sample is related to 
the lower thickness of the oxide layer in comparison with the CGS sample. 
According to the finding of Phalnikar et al. [75] in Co-base alloy with a Cr content 
less than 30%, a conglomerate of the oxides of cobalt and chromium forms at 
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900˚C. Therefore, a higher value of CoCr2O4 exists in the surface layer comparing 
to the Cr2O3 phase. Also, the hexagonal phase starts to appear and coexists with 
cubic phase in both samples (Fig. 15). The peak intensity for CGS sample is 
higher than HVOF sample. In pure cobalt and cobalt based alloys, the metastable 
fcc phase is usually present at room temperature due to the slow nature of fcc to 
hcp transformation, and hcp formation is triggered only by mechanical stress or 
time at elevated temperature. The alloying elements such as Cr, Mo increase 
transformation temperature [1, 40, 76]. In the HVOF sample, due to the oxidation 
during the deposition and chromium oxide formation, the Cr concentration 
decreases in the alloy composition leading to a decrease in the transformation 
temperature. So, long exposure of the coating to high temperature during the 
oxidation test leads to moderate peaks of hcp phase which means the 
transformation of unstable fcc phase occurs in this sample. In CGS sample, due 
to the lower temperature of the process, no oxidation occurs. The higher value of 
Cr in the coating leads to the higher temperature of the hcp phase transformation 
to fcc [76]. So, higher peak intensity is observed in XRD spectrum after the 
oxidation test. 
As specified by Li et al.[77], during the oxidation of cobalt base alloy, a duplex 
layer film forms on the surface consisting of an outer CoO-rich layer and an inner 
layer of Cr2O3-rich. During the oxidation, the Co-rich layer is replaced gradually 
with chromium oxide. In HVOF sprayed sample, due to the lower adhesion of the 
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oxide layer to the substrate, the oxide layer is detached and a new Co-rich layer 
is formed again. This phenomenon leads to the sharp peak of CoO in the XRD 
spectrum (Fig. 15). On the other side, in CGS, good adhesion of this layer 
prevents the formation of new CoO layer. 
4. CONCLUSION 
In this study, the microstructure-property relationships and tribomechanical and 
oxidation evaluations of Stellite 21 coatings deposited by CGS and HVOF was 
evaluated. It is demonstrated that dense Stellite 21 coating was successfully cold-
sprayed using N2 carrier gas while preventing phase transformation, 
decomposition and oxidation of the feedstock powders, rather HVOF process. 
The higher adhesive strength and oxidation resistance are unique technical 
advantages of CGS coating over HVOF. The XRD peak broadening in CGS 
sample arises from severe plastic deformation of the particles during the process.  
The wear process in the CGS sample consisted of two main mechanisms (i) 
martensitic phase transformation on the surface layer, and (ii) delamination of the 
transformed layer during the wear test. Martensitic phase transformation occurred 
due to the contact load and sliding movement of the sample during the wear test. 
The coating integrity in CGS sample prevented layer delamination during the 
sliding wear test, which decreased the wear rate of the sample comparing to 
HVOF sample. In HVOF sprayed sample, wear proceeds mainly due to the splat 
delamination, which occurrs due to the high value of oxide phase between the 
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splats. The presence of continuous oxide layer in the HVOF sprayed coating led 
to a dynamic condition involving formation and breaking of tribo-layer during 
the sliding test. The tribo-layer is removed from the surface of the sample, and 
the counterpart hinders the stabilization of the process and increases the samples’ 
coefficient of friction. Furthermore, by prohibiting the delamination, the wear rate 
is reduced. So, due to the good bonding between splats and absence of oxide layer 
in CGS, the tribo-layer removal is hindered and the wear rate is decreased. 
The oxidation test results showed that the compact structure of CGS sample 
decreases the coating oxidation and leads to a dense spinel oxide phase at the 
surface of the sample. In HVOF, the oxide layer is porous and detaches in some 
regions and a new Co-rich layer formed again, which leads to the sharp peak of 
CoO in XRD spectrum. On the other side, in CGS, good adhesion of this layer 
prevents the formation of new CoO layer, and CoCr2O4 spinel phase is the 
dominant phase in the CGS sample. 
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(mm) Hydrogen Oxygen Air 
250 738 214 344 10 100 5 
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Table 2. Properties of Stellite 21 coatings produced by HVOF and CGS  






Surfaces roughness Ra (µm) 18.5±1.6 4.9±0.4 
Oxide phase content (%) ~0 6.1±1.3 
Porosity level (%) 0.21±0.15 0.75±0.15 
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HVOF 194 ± 22.5 7.78 ± 1.2 
CGS 251 ± 27 10.87 ± 1.1 
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List of Figure captions 
Figure 1. (a) The morphology of Stellite 21 powder taken by SEM, (b) the etched cross-section 
of feedstock provided by optical microscopy, and (c) particle size distribution of the feedstock. 
Figure 2. Figure 2. Surface morphology of as-sprayed coatings; (a) CGS and (b) HVOF. 
Higher magnifications of the coatings; (c) spherical morphology of the bonded particle and 
metallic jets around it (represented by white arrow), (d) the highly deformed particles in HVOF 
coating. 
Figure 3. OM micrographs of the coatings’ cross-section: (a) CGS and (b) HVOF sprayed 
coatings; (c) and (d) SEM micrographs of the coatings’ interface.  
Figure 4. OM images of the etched coatings’ cross-section of (a) CGS and (b) HVOF sprayed 
layers. (c) and (d) are SEM micrographs with higher magnification of (a) and (b), respectively. 
Figure 5. XRD spectra of feedstock, CGS and HVOF coatings. 
Figure 6. Microhardness profiles of the cross-sections of CGS and HVOF deposited coatings. 
Figure 7. Load vs. displacement curve for initial powder, CGS and HVOF sprayed sample. 
The inset image shows the initial part of the nanoindentation test. 
Figure 8. SEM micrographs of the fracture surfaces of the adhesion samples: (a) CGS sample, 
the inset image shows higher magnification of the the fracture surface and the voids are 
represented by white arrows, (b) HVOF sample. Cobalt mapping of the fracture surfaces of (c) 
CGS and (d) HVOF adhesive samples. 
Figure 9. The friction coefficients of CGS and HVOF sprayed coatings. 
Figure 10. The confocal micrographs of the worn surface in (a) CGS and (b) HVOF. Back-
scattered micrographs of the wear track show the phase distribution on the surface of the 
coatings in (c) CGS and (d) HVOF. The EDS spectra of (e) spectrum 1 and spectrum 2 and (f) 
spectrum 3 and spectrum 4. 
Figure 41. SEM micrographs of the edge of the worn surface of (a) CGS and (b) HVOF 
samples. The white arrows represent the initial groove coming from surface preparation before 
the test. The morphology of wear debris collected for (c) CGS and (d) HVOF sprayed wear 
samples. 
Figure 52. XRD spectra of the samples before and after the wear test. 
Figure 63. SEM micrographs of WC ball counterparts’ surface for (a) CGS and (b) HVOF 
samples. Higher magnification of the surface of the balls: (c) CGS and (d) HVOF samples. The 
black arrows in (e) and (f) represent the oxygen peak in the EDS spectrum taken from the 
rectangles represented in (c) and (d), respectively. 
Figure 74. SEM micrographs from the surface morphology of the oxide layer formed on the 
(a) CGS and (b) HVOF samples. Higher magnification of the surface of the samples: (c) CGS 
and (d) HVOF. The bonded thick pieces of oxide layer on the surface of HVOF sample are 
shown by white rectangles. The cross-section of (e) CGS oxidized samples showing a good 
bonded oxide layer and (f) HVOF sample representing the oxide layer spallation. The oxide 
layers represented by black arrows. 
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Figure 85. XRD patterns of the surface of the oxidation samples. 
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